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Summary
Objective: The structure and composition of articular cartilage change during development and growth, as well as in response to varying load-
ing conditions. These changes modulate the functional properties of cartilage. We studied maturation-related changes in the collagen network
organization of cartilage as a function of tissue depth.
Design: Articular cartilage from the tibial medial plateaus and femoral medial condyles of female New Zealand white rabbits was collected from
six age-groups: 4 weeks (n¼ 30), 6 weeks (n¼ 30), 3 months (n¼ 24), 6 months (n¼ 24), 9 months (n¼ 27) and 18 months (n¼ 19).
Collagen ﬁbril orientation, parallelism (anisotropy) and optical retardation were analyzed with polarized light microscopy. Differences in the
development of depth-wise collagen organization in consecutive age-groups and the two joint locations were compared statistically.
Results: The collagen ﬁbril network of articular cartilage undergoes signiﬁcant changes during maturation. The most prominent changes in
collagen architecture, as assessed by orientation, parallelism and retardation were noticed between the ages of 4 and 6 weeks in tibial car-
tilage and between 6 weeks and 3 months in femoral cartilage, i.e., orientation became more perpendicular-to-surface, and parallelism and
retardation increased with changes being most prominent in the deep zone. At the age of 6 weeks, tibial cartilage had a more perpendicular-to-
surface orientation in the middle and deep zones than femoral cartilage (P< 0.001) and higher parallelism throughout the tissue depth
(P< 0.001), while femoral cartilage exhibited more parallel-to-surface orientation (P< 0.01) above the deep zone after maturation. Optical re-
tardation of collagen was higher in tibial than in femoral cartilage at the ages of 4 and 6 weeks (P< 0.001), while at older ages, retardation
below the superﬁcial zone in the femoral cartilage became higher than in the tibial cartilage.
Conclusions: During maturation, there is a signiﬁcant modulation of collagen organization in articular cartilage which occurs earlier in tibial
than in femoral cartilage, and is most pronounced in the deep zone.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Articular cartilage is composed of a three-dimensional colla-
gen ﬁbril network, negatively charged proteoglycans (PGs)
and interstitial water. The collagen network of articular car-
tilage exhibits a unique depth-dependent organization in its
ﬁbrils1,2 (cf. Fig. 1(A)). Traditionally this depth-dependent
collagen network appearance has been divided into zones
according to their characteristic, dominant ﬁbril direction:
(1) superﬁcial zone in which the collagen ﬁbrils are aligned
in parallel to the joint surface, (2) middle zone in which the
ﬁbrils bend from a parallel-to-surface orientation towards
a perpendicular-to-surface orientation, resulting in ﬁbrils*Address correspondence and reprint requests to: P. Julkunen,
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406exhibiting a somewhat random organization, and (3) deep
zone in which the ﬁbrils are highly organized with an align-
ment perpendicular to the joint surface1,2. The structure and
composition of articular cartilage is strongly related to its
mechanical function3,4. Functional adaptation and develop-
ment of tissue structure during growth and maturation lay
the foundations for articular cartilage function at later
ages5e7.
During maturation, articular cartilage undergoes changes
in its composition7e9. In addition, the collagen framework of
articular cartilage experiences signiﬁcant structural modiﬁ-
cations during development and maturation, e.g., exhibiting
even extra structural laminae in the deep zone7,10e13. The
articular cartilage of the newborn appears homogeneous,
i.e., the collagen network does not yet show any zonal
structure. At this time, different joint surfaces have more
or less the same type of articular cartilage indicating that
no adaptation to loading or growth has taken place14. Re-
cently it has been suggested that the collagen network
Table I
The number of samples in each age-group is shown together with
tissue thickness measured using a needle-measurement technique









4 weeks 15 1.65 0.36* 15 0.75 0.05*
6 weeks 15 0.98 0.23* 15 0.61 0.17*
3 months 12 0.42 0.11* 12 0.56 0.05*
6 months 12 0.41 0.10* 12 0.65 0.12*
9 months 15 0.37 0.07* 12 0.55 0.15*
18 months 10 0.35 0.08* 9 0.63 0.07*
*P< 0.01 difference between femur and tibia in articular cartilage
thickness (paired-samples t-test).
Fig. 1. Schematic representation of the depth-wise structure articular cartilage (A). The general arrangement of collagen ﬁbrils, chondrocytes,
with the increase in the PG content towards subchondral bone in mature tissue is shown. For PLM image-analyses, the articular cartilage
sample thickness was normalized and the samples were divided into 100 depth-wise layers. An ellipse model (B) was constructed to unite
the changes in the estimated PLM-parameters (ﬁbril orientation, parallelism and retardation) during maturation of the collagen ﬁbril network
(see text for details).
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chanical properties of articular cartilage during the matura-
tion process4,15. It has also been suggested that the
mature structure of articular cartilage results from division
and activity of the superﬁcial zone stem cells, involving si-
multaneous tissue resorption and structural neoformation
more deep within the tissue16. In adult articular cartilage,
the biomechanical properties together with tissue composi-
tion and the structure of the collagen network differ between
different joint surfaces3,10,17,18. Speciﬁcally, differences in
the collagenous structure differ between the femur-tibia
contact-pair12; the juvenile joint tibia displays a traditional
arcade structure, whereas femur has a more complex
structure.
Previously, the importance of the collagen ﬁbril network
during impact or dynamic loading has been emphasi-
zed15,19e22. In addition to potential effects on metabolic ac-
tivity of chondrocytes, impact loads may evoke cartilage
damage. Therefore, the collagen ﬁbril network has a protec-
tive role. During maturation, the collagen network gradually
develops as the tissue has not yet functionally adapted to
external loads. Organization of the collagen network has
been proposed to control the deformation of chondrocytes,
thereby contributing to speciﬁc cellular biosynthesis of artic-
ular cartilage constituents and the maintenance of cartilage
integrity23e27. Hence, the development of the depth-wise or-
ganization of the collagen ﬁbrils can contribute to the devel-
opment of the articular cartilage matrix and its functional
properties.
The objective of the present study was to assess the de-
velopment of the collagen ﬁbril network using polarized light
microscopy (PLM) in tibial and femoral articular cartilage of
rabbit. The PLM-technique can quantify parameters which
are characteristic of the collagen ﬁbril network28. Speciﬁ-
cally, we investigated the depth-wise changes occurring in
the PLM-derived collagen ﬁbril orientation, anisotropy and
optical retardation. We hypothesized that the multilaminar
collagenous structures prior to maturation can be regis-
tered. Furthermore, knowing that tibial and femoral cartilage
exhibit different structural properties10,12, we hypothesizedthat such differences would have maturation-dependent
characteristics that would appear in the ﬁbril organization.MethodSAMPLESArticular cartilage samples were harvested from the load-bearing areas of
right femoral medial condyles and tibial medial plateaus of female New Zea-
land white rabbits. The osteochondral plugs were collected with a drill using
a cylindrical bit. The time for sample collection was based on the rabbits’ age,
i.e., samples were divided into six age-groups at different stages of matura-
tion: 4 weeks, 6 weeks, 3 months, 6 months, 9 months and 18 months
(Table I). The rabbits were housed under standardized conditions in cages
with ﬂoor dimensions of 0.8 m 0.7 m. The number of animals in each
cage depended on the age of the rabbits: (1) before the age of 6 weeks, an-
imals were housed with their mother, (2) between 6 and 10 weeks of age, 3
animals were housed in a single cage and (3) after the age of 10 weeks,
a single animal was housed per cage. Water and commercial food pellets
(STANRAB up to the age of 11 weeks and RABMA after the age of 11
weeks; Special Diets Services, Witham, UK) were freely available. Room
temperature was maintained at 15C, and the lights on e lights off cycle
was 12/12 h. All samples were originally prepared for a previous study15.
408 P. Julkunen et al.: Maturation of collagen ﬁbril networkCOLLAGEN ORIENTATION, PARALLELISM INDEX (PI) AND
RETARDATIONAnalyses of tissue collagen orientation, parallelism and retardation were
performed with PLM. The bony ends of the osteochondral plugs were ﬁxed
in phosphate buffered 4% formaldehyde, pH 7.0, for 2 days, decalciﬁed
with 10% ethylenediaminetetraacetic acid (EDTA) solution supplemented
with 4% formaldehyde and 0.1 M phosphate buffer, pH 7.4, for at least 14
days. After postﬁxation overnight in 4% formaldehyde, cylindrical cartilage-
bone plugs were sectioned in a random orientation into two halves with a ra-
zor blade, dehydrated in an ascending series of alcoholic solutions and em-
bedded in parafﬁn with the cut surface facing to the bottom of the cassette.
Seven-mm-thick histological sections were deparafﬁnized and treated with
hyaluronidase (Sigma-Aldrich Co, St. Louis, MO) to remove PGs7,29.
Analyses of collagen ﬁbril orientation, PI and retardation were performed
depth-wise from each sample by averaging three consecutive measure-
ments. The orientation angle of collagen ﬁbrils is the angle between the joint
surface and the measured average length-wise orientation of the collagen ﬁ-
brils. The PI characterizes the degree of collagen ﬁbril parallelism or anisot-
ropy. A high index (maximum value of 1) indicates that the majority of the
collagen ﬁbrils in the speciﬁc pixel are running in the same direction. An ex-
treme PI value of 0 denotes a complete lack of ﬁbril parallelism. In the anal-
ysis, tissue sections were positioned in the microscope in a constant way,
i.e., the articular cartilage surface was deﬁned as 0 direction. The perpen-
dicular direction to this was deﬁned as the 90 direction. Optical retardation
represents the phase difference between the two orthogonal components of
the polarized light when they exit a birefringent, anisotropic cartilage
sample30. The retardation value is difﬁcult to interpret since it depends on
the chemical composition of the sample, orientation and shape of the colla-
gen ﬁbrils as well as the amount of the birefringent material, i.e., collagen28.
The reader is referred to Rieppo et al. for a detailed description of the PLM
system, imaging parameters and the image analysis28.
In order to make the samples comparable with each other throughout the
entire tissue depth, and between age-groups and joint locations, the depth-
wise proﬁles of each sample were normalized with the sample thickness.
This was done by resampling the ﬁbril orientation, PI and retardation proﬁles
of each individual sample into 100 equally thick layers. Since a signiﬁcant re-
duction in cartilage thickness occurred during growth (Table I), analyses
were undertaken to investigate the depth-wise changes in the PLM-parame-
ters from 400 mm- (femur, 3 months), 600 mm- (tibia, 6 weeks), 700 mm- (tibia,
4 weeks) or 900 mm-thick (femur, 4 and 6 weeks) cartilage layers starting
from articular surface. After these time points, the tissue thickness had
stabilized.ELLIPSE MODELWe used the ellipse model approach30 to bring together the averaged
changes in collagen network speciﬁc PLM-parameters over the maturation
of articular cartilage. The ellipse models were constructed in a depth-wise
manner. In the models, three quantities describe the ellipse representing av-
eraged PLM-derived properties at different depths of cartilage: (1) the aspect
ratio of the ellipse was scaled by PI, (2) the asymmetrical rotation of the el-
lipse was deﬁned by the ﬁbril orientation angle and (3) the area of the ellipse
was scaled by optical retardation (Fig. 1(B)).STATISTICAL ANALYSESAge-dependent changes in the PLM-parameters were analyzed at depth-
wise points using t-test for independent samples. Differences between theFig. 2. Collagen ﬁbril orientation images from representative samples in ea
color represents the perpendicular-to-surface orientation and blue colorjoint locations were compared depth-wise by using the t-test for paired sam-
ples. All statistical analyses were performed with Matlab 7.2 (Mathworks Inc.,
Natick, MA). t-tests were used to derive 95% conﬁdence intervals for differ-
ences at each depth-wise layer in order to estimate the effect size. The sig-
niﬁcance of the tested differences was interpreted using the 95% conﬁdence
intervals of the differences between investigated groups, such that if the in-
terval did not cross zero difference, P-value for the difference was <0.05.ResultsCOLLAGEN FIBRIL ORIENTATIONCollagen network underwent signiﬁcant variations during
the growth and development of articular cartilage. Most
clear changes in the ﬁbril network orientation were ob-
served before the age of 3 months (Figs. 2e4). Collagen ﬁ-
bril orientation exhibited a general change from
a predominant parallel-to-surface orientation towards the
Benninghoff-type arcade structure, which was achieved be-
tween the age of 6 weeks and 3 months in femur, and even
earlier in tibia (Fig. 2). No differences were observed before
the age of 6 weeks up to the depth of 600 mm in femur. The
multilaminar appearance and its development were clearer
in femoral than in tibial cartilage. These changes occurred
prior to 3 months of age in femur, while in tibia they had al-
ready began before our ﬁrst analyzed time point (4 weeks)
and had almost stabilized at the age of 6 weeks (Figs. 2 and
4). In the tibia, the changes were more uniform over the tis-
sue depth than in femur, where most of the changes were
observed in the middle and deep zones. Small but signiﬁ-
cant changes in the superﬁcial and middle zone collagen ﬁ-
bril orientation occurred after maturation (Fig. 4). The
largest effect on collagen ﬁbril orientation between the joint
sites occurred at the age of 6 weeks (Fig. 5); tibia exhibited
a more perpendicular-to-surface orientation in the middle
and deep zones (P< 0.001). Furthermore, orientation in
the superﬁcial and middle zones was signiﬁcantly
(P< 0.01) more perpendicular-to-surface in the tibial sam-
ples than in the femoral samples of 3-, 9- and 18-month-
old groups, whereas the structure at the age of 6 months
was very similar between the different joint locations.COLLAGEN FIBRIL PARALLELISMThe lowest PI values were found at the age of 6 weeks in
the femur, and at 4 weeks in the tibia (Fig. 6). The PI
change was larger in the femur as compared to that ob-
served in the tibia. Additionally PI changes occurred quite
uniformly over the entire depth in the femur, while in the tibia
no changes occurred in the middle zone (Fig. 7). After thech age-group and joint site (tibia on the left, femur on the right). Red
the parallel-to-surface orientation. The joint surface is on the top.
Fig. 3. Measured collagen ﬁbril orientation angle as a function age and tissue depth. A low angle indicates that the ﬁbrils run predominantly in
parallel with the surface whereas a high angle shows that the ﬁbrils are arranged more or less perpendicularly to articular cartilage surface.
Orientation proﬁles for tibial samples are shown on the left with femoral samples on the right. The thick red line denotes the age at which the
cartilage thickness was stabilized.
409Osteoarthritis and Cartilage Vol. 18, No. 3age of 3 months, PI appeared to have stabilized. Minor
changes (P< 0.05) in PI occurred between the ages of 3
and 6 months in femur, as well as between 6 and 9 months
in tibial cartilage. The largest effect size in PI differenceFig. 4. Maturation-dependent changes in collagen ﬁbril orientation are repr
secutive age-groups: between ages of 4 weeks and 6 weeks (A, D), betwe
and 9 months in tibia (C), and between ages of 3 months and 6 months in
shown for tibial (AeC) and femoral samples (DeF). In plots A, D and E, a
tissue thicknesses of the compared gbetween tibial and femoral tissues was observed at the
age of 6 weeks; tibial cartilage had higher PI values
throughout the entire tissue depth (P< 0.001). Furthermore,
the PI values in the superﬁcial zone were higher (P< 0.05)esented as 95% conﬁdence intervals of the difference between con-
en ages of 6 weeks and 3 months (B, E), between ages of 6 months
femur (F). Separate representations for the differences have been
bsolute cartilage thickness was used during comparison, since the
roups were different (Table I).
Fig. 5. Joint-surface dependent differences in collagen ﬁbril orientation presented as 95% conﬁdence intervals of the difference between the
articular cartilages of tibia and femur at (A) 6 weeks, (B) 3 months and (C) 18 months age-groups. In plot A, absolute cartilage thickness was
used during the comparison, since the tissue thicknesses of the compared groups were very different (Table I).
Fig. 6. Measured PI as a function age and tissue depth. A low PI value denotes a lack of ﬁbril parallelism. A high PI value (max. 1) indicates
that most of the collagen ﬁbrils in the speciﬁc pixel run in the same direction. Proﬁles for tibial samples are presented on the left and on the
right for femoral samples. The thick red line denotes the age at which the tissue thickness was stabilized.
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Fig. 7. Maturation-dependent changes in PI are presented as 95% conﬁdence intervals of the difference between consecutive age-groups:
between ages of 4 weeks and 6 weeks (A, D) and between ages of 6 weeks and 3 months (B, E). Depth-dependent differences in PI between
the joint sites are also presented for the 4 weeks (C) and 9 months (F) age-groups. In plots A, C, D and E, the measured cartilage thickness
was used for the comparison, since the tissue thicknesses of the various groups differed (Table I).
411Osteoarthritis and Cartilage Vol. 18, No. 3in the tibial samples than in the femoral samples in 4-week-
old and 18-month-old groups. At the age of 9 months, PI
was overall lower in femoral than in tibial articular cartilage
(Fig. 7). Furthermore, tibial cartilage had a higher PI value in
the middle zone at 3 months of age (P< 0.01). In contrast,
femoral cartilage exhibited slightly higher PI values
(P< 0.05) in the deep zone of the 4-week-old and
6-month-old groups.OPTICAL RETARDATIONAn increase in optical retardation values was observed
before 6 weeks in tibial samples, though somewhat later
in femoral samples (before 3 months of age; Fig. 8). Overall,
retardation was homogeneous in the articular cartilage be-
fore the maturation-related elevation in retardation values.
After the increase, the retardation values were higher in
the deep zone than at the surface (Fig. 9). Following this in-
crease, a clear overshoot was observed in retardation
values, which was particularly clear in the femoral samples,
and in the deep zone (P< 0.05). Small changes (P< 0.05)
were also seen in retardation in the superﬁcial and deep
zones of femoral cartilage between the ages of 3 and 6
months as well as in the deep zone of tibial cartilage be-
tween the ages of 6 and 9 months (Fig. 8). Tibial cartilage
showed higher retardation values overall in the 4- and6-week-old groups as compared to femoral cartilage. The
largest difference in retardation between these locations oc-
curred at the age of 6 weeks (Fig. 9). At this time-point tibial
cartilage showed a higher retardation throughout the entire
tissue depth (P< 0.001). Furthermore, retardation of the su-
perﬁcial zone was slightly higher (P< 0.05) in the tibial
samples as observed in the femoral samples in the
9-month-old group. In contrast, femoral cartilage exhibited
higher optical retardation values (P< 0.01) in the upper
deep zone of the 3-month-old and 18-month-old groups
and overall in 6-month-old rabbits (Fig. 9).ELLIPSE MODELCombined characteristics of all measured PLM-parame-
ters were visualized for each age-group at different depths
using the ellipse model (Fig. 10). Clear differences were vis-
ible between the maturing and adult specimens as well as
between the tibia and the femur.Discussion
Remodeling of the collagen ﬁbril network of articular car-
tilage takes place during growth and maturation7,12,31. In the
present study, we observed that the collagen network orga-
nization undergoes signiﬁcant changes during growth and
Fig. 8. Measured optical retardation of collagen as a function of age and tissue depth. Optical retardation includes the combined effect of
collagen content and collagen ﬁbril arrangement. Proﬁles for tibial samples are presented on the left with femoral samples on the right.
The thick red line denotes the age at which the tissue thickness was stabilized.
412 P. Julkunen et al.: Maturation of collagen ﬁbril networkthese changes are dependent on tissue depth and joint sur-
face in question. In general, the collagen network of tibial
cartilage developed earlier than that of the femoral cartilage.
The largest maturation-dependent changes occurred in the
deep zone of the articular cartilage.
Depth-wise collagen orientation changes have been re-
ported to occur prior to sexual maturation, and as a conse-
quence of joint loading7,15,32,33. The changes in collagen
network orientation prior to adulthood are fundamentally dif-
ferent from those that occur as a consequence of remodel-
ing in response to altered loading conditions. During the
early stages of maturation, the collagen network contributes
to the formation of articular cartilage zones, while in adult
articular cartilage remodeling alters the collagen architec-
ture within the formed zones16,34. It is thus understandable
that the generation of the zonal architecture at an early ageFig. 9. Maturation-dependent changes in the optical retardation of the co
difference between consecutive age-groups: between ages of 4 weeks an
months (femoral samples; B). Depth-dependent differences in collagen re
6-week-old (C) and 6-month-old rabbits (D). In plots AeC, absolute cartila
the compared groups weris essential for the subsequent proper function of articular
cartilage. As observed in this study during growth, there
was a clear tendency away from the parallel-to-surface ori-
entation towards a three-laminar zonal formation of the col-
lagen network (Fig. 2), and these changes occurred about 2
weeks earlier in tibial cartilage as compared to femoral car-
tilage (Figs. 3 and 4). Furthermore, the formation of zonal
structure in tibial cartilage did not exhibit as drastic changes
as the femoral cartilage. However, this observation may be
biased by the fact that the ﬁrst time point we were able to
investigate was 4 weeks, by which age the tibial cartilage
already exhibited a multilaminar appearance and, therefore,
had passed the homogeneous structure stage observed in
the femoral cartilage at 4 weeks of age (Fig. 2).
Tissue thickness decreases rapidly in femoral cartilage
until the age of 3 months, while in tibial cartilage thellagen network are represented as 95% conﬁdence intervals of the
d 6 weeks (tibial samples; A) and between ages of 6 weeks and 3
tardation between tibia and femur have also been presented for the
ge thickness was used for the comparison, since the thicknesses of
e different (Table I).
Fig. 10. Depth-wise ellipse model representations30 of the maturation of collagen ﬁbrils in tibial (left) and femoral cartilage (right). Collagen ﬁbril
orientation was used as the rotation, PI to scale the aspect ratio, and optical retardation to scale the area of the ellipses. Mean values of each
parameter within age-groups were used to deﬁne the ellipses. The age-groups are indicated on the top of the ellipse models. Up to 700 mm
distance from articular surface into the depth of cartilage is visualized in the maturing groups (tibia 4 weeks, femur 4 and 6 weeks), while the
more mature groups are visualized in full-thickness.
413Osteoarthritis and Cartilage Vol. 18, No. 3decrease in tissue thickness is more moderate and has sta-
bilized after the age of 6 weeks15 (Table I). The reduction of
cartilage tissue at an early age affects that part of the tissue
that is gradually replaced by bone during maturation; i.e.,
there is w75% reduction of the femoral cartilage thickness
between the ages of 1 and 3 months and w20% reduction
of the tibial cartilage thickness between the ages of 4 and 6
weeks (Table I). In order to account for these drastic thick-
ness changes in the statistical analyses, we performed
comparisons between the consecutive age-groups (before
the tissue thickness had stabilized) without normalizing
the PLM-parameters to cartilage thickness. Hence, we did
not include in the computations the deep epiphyseal carti-
lage of the immature age-groups. After the tissue thickness
had stabilized, the tissue thickness was normalized in the
statistical analyses in order to be able to estimate the colla-
gen-related changes throughout the entire cartilage
thickness.
Joint loading can affect the metabolic activity of chondro-
cytes23,35e37. The accelerated biosynthesis and the subse-
quent increase in PG and collagen contents contribute to
the mechanical changes observed in articular cartilage37,38.
The deformation of chondrocytes is inﬂuenced by the colla-
gen network23e27. Hence, based on the present study, the
cell deformations must be highly variable before the age
of 6 weeks when the collagen ﬁbrils appear to reach the ma-
ture three-zonal structure (Fig. 2). After reaching maturity,
the cellular activity would thus be modiﬁed most extensively
in the deep part of articular cartilage, where the most signif-
icant changes in the ﬁbril orientation occurred.
Optical retardation of articular cartilage collagen does not
provide unambiguous information on either collagen con-
tent or organization, but is a product of the combination of
these parameters28. The collagen content of articular carti-
lage experiences a signiﬁcant increase during the matura-
tion process7,15. In the present study, the increased
retardation occurring during maturation is also likely to be
inﬂuenced by the concurrent ﬁbril orientation changes.
However, whereas the effect of ﬁbril orientation wassigniﬁcant, the effect of ﬁbril retardation was even larger
during maturation (Figs. 4 and 9). This suggests that the de-
velopment of ﬁbrillar network orientation follows the devel-
opment of the collagen content. The differences between
the ﬁbril orientation and retardation were most pronounced
in the deep articular cartilage zones (Figs. 4 and 9). In con-
trast to the present study, Rieppo et al.7 detected no signif-
icant changes in the ﬁbril network retardation during porcine
maturation, though they did ﬁnd signiﬁcant changes at older
ages. The time-points investigated in that study were more
coarsely selected as compared to the present study making
the detection of retardation changes potentially more
difﬁcult.
Previously, it has been reported that the collagen network
of femoral cartilage exhibits higher optical retardation as
compared to tibial cartilage39,40. In the present study, at
the age of 6 months, we observed signiﬁcantly higher opti-
cal retardation in femoral cartilage as compared to tibial car-
tilage (Fig. 9). These observations agree with the reported
observations of superior mechanical properties in mature
femoral cartilage over tibial cartilage3,15,40e42. Hence, it ap-
pears that the retardation differences between the joint sur-
faces are related to joint function, and confer the properties
characteristic for articular cartilage, i.e., femur is stiffer than
tibia15. This report was highly inﬂuenced by the complex
collagen architecture prior to sexual maturation. Therefore,
it seems evident that the collagenous architecture adapts to
loading conditions and functional requirements of the joint,
making it possible that different articular surfaces are differ-
ent in the same joint12. Hypothetically, the difference in
structural characteristics between the tibial and femoral car-
tilage is greatly affected by the shape of the underlying
bone, which consequently affects the load patterns and
internal stress magnitudes in articular cartilage.
One potential reason for observed structural develop-
ment, remodeling and/or neoformation of collagen ﬁbrils is
the subsequent increase of joint loading due to growth of
the rabbits during maturation16,43. During the maturation,
the tissue thickness decreases up to 3 months of age
414 P. Julkunen et al.: Maturation of collagen ﬁbril network(Table I)15,16. During this phase of development, the endo-
chondral ossiﬁcation of the epiphyseal cartilage continues
and reduces the thickness of the future articular cartilage,
which is also regarded as the superﬁcial growth plate of
the bone end. Thus, the immature isotropic articular carti-
lage is gradually replaced by mature, more anisotropic artic-
ular cartilage. Hunziker et al.16 proposed that immature
articular cartilage is not reorganized by a process of internal
tissue remodeling, but is ﬁrst destroyed, only sparing the su-
perﬁcial part of the articular cartilage. In other words, post-
natal reorganization of articular cartilage from an immature
isotropic to a mature anisotropic structure would not be
achieved by a process of internal remodeling, instead by
the stepwise resorption and neoformation of all zones ex-
cept for the very superﬁcial part of the articular cartilage.
Replacement of chondrocytes would then occur through
the stem cells of the superﬁcial zone. Therefore, the multi-
laminar appearance, observed in tibial and femoral cartilage
at the ages of 4 and 6 weeks, respectively, may be ex-
plained by a zonal formation of neocartilage. The observa-
tions presented in this study concur with an earlier report on
sheep articular cartilage, i.e., the collagen network of tibial
cartilage develops earlier than that of femoral cartilage12.
The reason for the joint-location dependent differences in
the development of collagenous architecture remains
speculative.
During fetal development, opposite cartilage elements
begin to separate through cavitation. Subsequently, the pro-
cess of cartilage tissue morphogenesis begins to produce
congruent articular surfaces with specialized forms. The
loading patterns on the joint surfaces differ between joints
and between articulating bones. The tibia is mostly exposed
to load-bearing, the femur in addition also to shear loading.
The diversity of the patterns can be observed in the many
types of joints and their associated patterns of motion43.
This diversity could help explain the differences in the rate
of the postnatal development of articular cartilage collagen
network between tibia and femur. In addition, enduring dif-
ferences in the superﬁcial zone ﬁbril orientation could be
observed in adults, i.e., femur has a more parallel-to-sur-
face alignment of collagen ﬁbrils. A similar effect was ob-
served in PI over the entire tissue depth (Fig. 7), but the
extent of the effect was more profound in the superﬁcial
than in the deep zone. In contrast, the differences in PI be-
tween joint sites in mature bovine articular cartilage have
been reported10.
As rabbits reach puberty at around 2e3 months of age
and skeletal maturity is achieved at about 6e8 months of
age16, i.e., the age-groups of 3 and 9 months might be con-
sidered to correspond to the age of 11e15 and 18e21
years in humans, respectively. It has been reported that
the normalized thickness of the superﬁcial zone in adult rab-
bits is higher than in humans44. It is possible that a similar
remodeling of articular cartilage structure takes place in hu-
mans before the age of puberty as observed in the rabbits in
the present study.
We hypothesize that the thinning of the superﬁcial zone in
the older age-groups (Fig. 4) can end up with tissue ﬁbrilla-
tion related to osteoarthrosis (OA). This infers that thinning
of the superﬁcial zone, typical to OA, would begin in tibial
cartilage later than in femoral cartilage. There is also an
overall reduction in optical retardation value below the su-
perﬁcial zone at the ages of 6e9 months and 9e18 months
in femoral and tibial cartilage, respectively (Fig. 10). These
ﬁndings are similar to those that have been observed in OA
of human articular cartilage45. However, as the OA scores
for these samples were not determined, we are not ableto conﬁrm that the observed structural changes at an older
age would be related to the appearance of OA.
It is a major challenge to create durable collagen network
implants for surgical tissue engineering. The collagen ﬁbrils
provide articular cartilage with mechanical integrity, but the
growth and developing strategies to replicate this collagen
framework will remain a challenge. Some experimental
and computational methodologies have been proposed as
ways to optimize the structure and function of the collagen
network for tissue engineering. However, no feasible ap-
proaches have yet been developed46,47. Computationally
optimized loading of these engineered neotissues has
been proposed as one approach48. However, if the devel-
opment of engineered collagen network organization is con-
trolled only via remodeling by external loading and not
combined with the growth process that involves endochon-
dral ossiﬁcation of the underlying tissue, such approach
would most likely not work. Therefore, further study of the
collagen network, both within native tissue and engineered
neotissue, is required to enable more robust articular carti-
lage constructs to be developed49.
In conclusion, based on the present data on rabbit tissue,
it appears that the collagen network organization develops
earlier in tibial cartilage than in femoral cartilage. However,
the magnitude of changes in tibial cartilage is lower than in
femoral cartilage. There seems to be a threshold point be-
tween the ages of 6 weeks and 3 months, when the devel-
opmental stages of the collagen network of tibial and
femoral cartilages are different, with tibia ﬁrst appearing to
mature at a time when femur still exhibits high variations
in structure. The collagen ﬁbril maturation results in a multi-
laminar appearance, which is most prominent in the femoral
samples and in the deep zone. These ﬁndings are important
for understanding the differences in articular cartilage at dif-
ferent joint surfaces.Conﬂict of interest
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